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USE OF EBDY CURRENTS TO ANALYEE POLYCRYSTALLINE

DIAMOND
RELATED APPLICATIONS
(0001} The present application is related to US. Patent Application No.

13401188, entitled "Use of Capacitance fo Asalyze Polyerystalline Diamond” and

filed on February 21, 2012, US. Patent Application No. 13/401,335, entitled “Use ot
Capacitance and Eddy Currents to Analyze Polvervstalline Diamond™ and filed on
February 21, 2012, and U.S. Patent Application No. 13/401,452, entitled “Method To
Improve The Performance Of A Leached Cutter” and filed on February 21, 2012,

ail mcorporated by reference heren.

TECHNICAL FIELD

1500621 The present mvention relates generslly to 8 method and apparatus for

-

measuring characieristies of one or more regions within an wliva-hard polyerystatline
structure; and more partcularly, & a non~desiniclive method and apparatus for
measuring the leaching depth within the ultra-hard polvervstalling structure andfor
characterizing at least a portion of the ulira-hard polyerystalline struciure, such as the

onay used in forming polyerystalline diamond compact PR cutters, using at least

eddy current measuraments.

BACKGROUND
Q003

A

Polyerystalline diamond compacts {("PDC™) have besn used in

n——
ook

heina,

industrial applications, including rock drilling applications and metal wmachining
apphications. Such compacts have demonstrated advantages over some other types of

efter wear resistance and impact resistance. The PDBC can

ool

oy

cutting clements, such as
be formed by sintering individual diamond particles together under the high pressure
and high temperature ("HPHT™) condifions referred to as the “diamond stable region,”
whiich is typically above forty kilobars and between 1,200 degrees Celsius and 2,000
degrees Celstus, in the presence of a catalystfsolvent which promotes diamond.

diamond bonding.  Some coxamples of cmtalystsolvents for sintered diamond

compacts are cobalt, nickel, iron, and other Group VIHI metals. PDCs wsually have g
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2
diamond content greater than seventy percent by volume, with abont cighty pereent to

about ninety-cight percent being typicall  An unbacked PDC can be mechanically
bonded to a Weol {not shown), according o one example. Alternatively, the PBC is
honded to a subsirgte. thereby forming a PDC cutter, which is typically msertable
within a downhele tool {(not shown), such as a drill bit or g reamer,

30041 Figure 1 shows a side view of & PDRC putter 160 having a
polyerystailine diamond ("PCTI™) cutting table 110, or compact, in accordance with
the prior art.  Although a PCD cutting table 110 is deseribed m the excmplary
cembodimens, other types of cutting tables, including polyerystaliine boron nitnde
(“PCBN™) compacts, ave used in alternative types of cuiters. Referring o Figure 1,

the PDC cutter 100 typically includes the PCD cutting table 110 and a substrate 150

that is coupled to the PCD cutting table 110, The PCD cutting table 110 is about one
hundred thousandths of an inch (2.5 millimeters) thick: however, the thickness is
variable depending upon the application in which the PCD cutting table 110 s to be
used.

{00031 The substrate 150 includes & top swisce 152, a bottow surface 154,

gnd a substrate outer wall 156 that extends from the eircumierence of the top surface
152 to the cirenmference of the bottom surface 154, The PCD cutting table 110

ncluades a cltting surface 112, an opposing surface 114, and 8 P cutting table outer

wall 116 that extends from the circumference of the cutling swface 112 io the
civpumnference of the opposing surface 114, The opposing surface 114 of the PCD
cutting table 110 1s coupled 1o the 1op surface 152 of the subsivate 150, Typieally, the
POD cutting lable 118 s coupled to the substrate 158 using a high pressure and high
iemperatore CHPHT™Y press. However, other methods known to people haviag
ordinary skill in the art can be used to couple the PCD cutting table 110 {o the
substrate 150, In one embodiment, upon coupling the PCD outting table 110 1o the
substrate 158, the cutting surface 112 of the PCD cuiting table 110 is substantially
saralicl to the substrate’s bottom swiace 1540 Additionally, the PDU cutter 180 has
heen Hlustrated as having a right circudar oviindreal shape: however, the PDC cutter
10¢ s shaped into other geomebic o non-geometric shapes in other exemplary
embodiments. In cevtain exemplary embodiments, the opposing swface 114 and the

top surface 132 are substantially planar; however, the opposing surface 114 and the
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top surface 152 are non-planar in other exemplary embodiments.  Additionally,
according to some exemplary sibodiments, a bevel {not shown) is formed areund at
Jeast the eircumiference of the cutting surface 112

{00067 According to one example. the PDC cutter 100 is formed by

independently forming the PCD cutting table 116 and the substrate 130, and thereafter

honding the FCD cutting {able 110 10 the subsirate 150, Alternatively, the substrate
150 is inttially formed and the POD cotting table 110 is subseguently formed on the

top surface 152 of the substrate 150 by placing polyerystalline diamond powder onto

the top swiace 132 and subjecting the polycrvstalline diamond powder and the
subsirate 150 fo a high temperaturs and high pressure process.  Alternatively, the
substrate 150 and the PCD cutting table 110 are formad and bonded together at abowt
the same time,  Although a fow methods of forming the PBC cutier 100 have been

briefly mentioned, other methods known {o people having ordinary skill in the art can

{00673 According to one example for forming the PDC cutter 100, the PCD
cutting table 110 is formed and bonded to the substrate 130 by subjecting a layer of

diamond powder and & mixture of tungsten carbide and cobalt powders to HPHT

conditions. The cobalt is typically mixed with fungsten carbide and positioned whers
the substrate 154 is to be formed. The diamond powder is placed on top of the cobalt

and tungsten carbide mixture and positioned where the PCD cutling table 110 1510 be
formed. The entire powder muixture is then subjected to HPHT conditions so that the
cobalt melts aund facilitates the @et;‘fxemﬁiﬂg. or binding, of the tungsten carbide to form
the substrate 150, The melted cohalt also diffuses, or infiltrates, o the diamond
powder and acts as a catalvst for synthesiving diamond bonds and forming the PCD
cutting table 110, Thos, the cobalt acts as both a hinder for comenting the tungsten
carbide and as a catalyst/solvent for sintering the dlamond powder to form diamond-

% A

diamond bonds. The cobalt also {hcilitates in forming strong bonds between the PCD
cuiting table 110 and the cemented tungsten carbide substrate 154

{0008} Cobalt has been a preferred constituent of the PDC manufacturing
process. Traditional PDC manufacturing processes use cobalt as the binder material
for forming the substeate 150 and also as the catalyst material for dlamond synthest

because of the large body of knowledge related to using cobalt in these processes.
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The synergy between the large bodies of knowledge and the needs of the process have
led to using cobalt as both the binder material and the catalyst material, However, a8
15 known in the art, alternative metals, such asg iron, nickel, chromivm, mangancse,
and tantalum, and other sutiable materials, ¢an be used as 2 catalyst for diamond
synthesis. When using these slteraative materials as a catalyst lor diamond synthesis
w form the PUD cutting table 110, coball, or some other material suck as mekel
chrome or iron, is fypically wsed as the binder material for cementing the tungsten
carbide to form the substrate 1530, Although sorne materials, such as tungsten carbide
and cobalt, have been provided as examples, other materials known to people having
ordinary skill in the art can be used to form the substrate 130, the PCD cnlting table

3,

118, and the bornds between the substrate 130 and the PCD cutting table 110,

or

)

{009 Figure 2 is a schematic microstructural view of the PFCD cutting table
110 of Figuwre 1 in accordance with the prior art. Referring to Figures | and 2, the
PCD cutting table 110 has diamond particles 210 bonded to other diamond particles

218, one or move imerstitial spaces 212 formed between the dlamond particles 218,

and cobalt 214, or some other catalyst, deposited within one or more of the interstitial
spaces 212, Duoring the sintering process, the interstitial spaces 212, or vouds, are

formed between the carbon-carbon bonds and are located between the diamond

particles 210, The diffusion of cobalt 214 imto the diamond powder results in cobalt

214 being deposited within these interstitial spaces 212 that are formed within the

POy owiting table 110 during the sintering process.

G010} Once the PCD cutiing table 110 is formed and placed into operstion,

the POD cutting table 110 15 known to wear quickly when the temperature reaches a
5

critical temperature.  This critical temperature is abouwt 750 degrees Celsius and 18

b

reached when the PCD cutting table 110 is cutting rock formations or other known
materials. The high rate of wear iz believed to be caused by the differences in the
thermal expansion rate between the diamond particles 210 and the cobalt 214 and also

by the chemical reaction, or graphitization, that coours between cobalt 214 and the

diamond particles 210, The coefficient of thermal expansion for the diamond
3 5 3 8 % ) b S 5 =1 s ‘g PSS
particles 210 is about 1.0 x 147 millimeters” x Kelvin® sy K, while the

ont 13.0 % 107 TN

’fff’

coetficient of thermal expansion for the cobelt 214 is g

Thus, the cobalt 214 expands much faster than the diamond particles 210 &
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temperatuges above this critical temperature, thereby making the bonds between the
diamond particles 210 unstable. The POCD cutting table 110 becomes thermally
degraded at tomperatures above abowt 730 degrees Celsius and 113 cuiting efficiency
deteriorates sigmibficantly,

0011

B

f—
e

“fYorts have been made to slow the wear ol the PCE cutting table 110
at these high femperatures. These efforts include perfonming a leaching process on
the PCIY cutting table 110, which removes some of the cobalt 214 from the interstitial

«

spaces 212, These leaching processes, which includes, but is not limited to, an acid
leaching process andfor an electrolytic leaching process, s known 1o persons baving
ordinary skill in the art and is not described herein for the sake of brevity, By

»

removing some of the cobalt 214, or catalyst, from the PCDY cutting table 110, the

thermal degradation of the POD strocture 1s reduced.

1060121 Figure 3 shows a cross-section view of a leached PDU cutter 300
having a PCD cuiting table 310 that has been at least partially leached in accordance
with the prior art, Referring to Figure 3, the PRC ontter 300 includes the PCD cuiting
table 310 cm;ﬁed to & substrate 330, The substrate 356 s similar to substrate 150
{Figure 1) and 18 not described again for the sake of brevity, The PCD cutiing table
310 is simdlar to the PCD cutting table 110 (Figure 1), but includes a leached layer
354 and an unleached layer 3536, The lcached laver 354 extends from the cutiing
surface 312, which is similar {o the cuiting swiace 112 Figwre 1) towards am

opposing surface 314, whick is similar to the opposing swrface 114 (Figwre 1), In the

lcached layer 354, at least a portion of the cobalt 214 has been removed from within

the interstitial spaces 2172 (Figure 2) using at least one legching process mentioned
3 hS o 3 xa P

above. Thus, the leached laver 354 has been leached to a desired depth 353,

However, during the leaching process, one or more by-product watenals 398 are

formed and deposited within some of the interstitial spaces 212 Figwe 2) in the
feached layer 354, The unleached layer 356 s similar to the PO} cutting table 156
{Figure 1} and extends from the end of the leached iaytr 354 10 the opposing surface

314, In the unleached laver 336, the cobalt 214 (Figure 2) remains within the
interstitial spaces 212 (Figure 2. Although 8 boundary line 335 is formed between
the leached layer 354 and the unleached laver 336 and is depicied as being

substantially linear, the boundary line 355 can be non-linear,
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10013} The leached PDXC cofters 300 are leached to different desired depths
353 and how deep the cutter 300 has been leached has an offeet on the performance of

< -~

the cutier 300, Conventionally, the leached depth 353 of the cutter 300 s mcasured,
or detormined, by cutiing the cutier 300 vertically in half and then subsequently
polishing the cutter 300, The leached depth 353 iz visually mreasured under a
microscope or similar magnifying device,  This process s rather tedious and
cumbersome as it involves cutting the cutter 300, such as by elecineal discharge
machining “EDM™), mounting, grinding, and polishing the cutier 300, and
performing an analysis under a microscope.  Additionally, this process destroys the
cutter 300 from subsequently being used. The leached depth 333 that is determined i

<

this manmer i assumed o be the same leached depth in other cutiers that were leached

BRIEF DESCRIPTION OF THE DRAWINGS
00147 The foregomng and other features and aspects of the invention are best

e o

mderstood with reference o the following description of certain exemplary

embodiments, when read in conjunction with the accompanying drawings, wherein:

10015] Figure 1 I8 g side view of a PDC cutter having 3 polyorystailine
diamond cutting table, or compact, in accordance with the prior art;
10016] Figure 2 is & schematic muicrostructural view of the PCD cuiling table

X

of Figure 1 in accordance with the prior arty

~

{0017 Figure 3 is & cross-section view of a PDC cotter having a PCD cotting
table that has been at least partially leached in accordance with the prior art;

(U018 Figure 4 {s a schematic view of an eddy current testing system in
accordance to one exemplary embodiment of the present invention

10019 Ggure SA 138 g

&4

phical chart showing a pluraiity of shallow leached

amplitude curves and a plurality of shallow leached phase angle shift curves for each

of a plurality of shallow leached PDC cutters using the eddy current tosting sysiem of
Figure 4 in accordance with an exemplary embodiment;
10020} Figure 3B is a graphical chart showing a plurality of deep leached

amplitide curves and a plurality of deep leached phase angle shift curves for each of a
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plurality of deep leached PDO cutters using the eddy current testing system of Figure

4 in accordance with an exemplary embodimeny;
10021 Figure 3C shows a graphical chart depicting both the amplitude curves

and the phase angle shift curves of Figures 3A and 5B for each of the shallow leached
PDC cutters and deep leached PDC cutters using the same seale in accordance with a
exemplary embodimen

10022] Figure 6 is & flowchart depicting a non-destructive leaching depth

3

estimation method in accordance with an exemplary cmbodiment of the present

{00233 Figure 7A 18 a graphical chan depicting the calibration curve thal
shows a relationship between eddy current and actual leaching depth for a plorality of

leached components in accordance with an exemplary embodiment of the present
invention;

{6024 Figure 7B is a partial view of the graphical chast of Figure 7A in

Lot

accordance with an exemplary embodiment of the present invention; and
160251 Figuree 8 15 a flowchart depicting a microstructural  guality

1

determination method in accordance with an exemplary embodiment of the present

mvertion.

f‘;"’}“}e’} ‘i " §r i‘; Srate ¢ i PRy 1'} % i SHELH {'t * Y
G026} The drawings iustrate only exemplary embodiments of the invention

and are therefore not to be considered limiting of Hs scope, as the invention may

admit to other equally effective embodiments.

BRIFF DESCRIPTION OF EXEMPLARY EMBODIMENTS

{0027 The present invention is directed to a non-destructive method and
apparatus for measuring the leaching depth within an ulira-hard polyerystalline

structure andfor characterizing at least a portion of the ultra-hard polyerystailine

strueture, such as the ones used in forming polyerysiatiine diamond compact PR

{j}

Y

cutters, using at least oddy current measurements.  Although the description of
exemplary  embodiments s provided below in conjunction with a PDC cutter,

aliernate embodiments of the invention may be applicable to other tvpes of

ey
C.')
f"‘-
’-v
..4
¢
&
poeiny
pess

structures including, but not iimited 1o, PCBN cntters.  Further,

according to some exemplary cmbodiments, one or more portions of the methods
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described below is implemented using an electronic measuring device. For example,
the eddy current is measured using an eddy current measuring device. The Invention
~ &
EEN

1 better undersioed by reading the following deseription of non-lintiting, exemplary

embodiments with reference o the atlached drawings, wherein like parts of each of

the figurey are identified by like reference charactors, and which are briefly described

as follows.

{O028Y Figure 4 is & schematic view ol an eddy curvent festing system 400 in
accordance o one exemplary embuodintent of the present invention. Referring to
Figure 4, the eddy current testing system 400 includes an eddy current testing device
410, the leached PUC cutter 308, a first wire 430, and a probe 440, which collectively
form & cireuit 405 {desoribed below) when elecirically coupled to one another.
Although ceriain compenents have been enumerated as heing included in the eddy
currentt testing system 400, additional components are included in other exermplary

embodiments.  Addittonally, although the deseription provided below has been
: R b :

b=y

erai

vided with respect to the leached PDC cutter 300, a different component, such as

the PCD cutting iable 310 alone or other component that includes another type of
el

leached polvervstalline structure, is used i heu of the leached POC cutter 300,
Additionally, alihough the description provided helow has been provided with respeet
1o the feached PDC catter 300, & different component, snch as a chemically eleaned
leached PR cutier (not shown), is used in Heu of the leached PDC cutter 300, The
chemically cleaned leached PDC cutter has had at feast a portion of the by-product
materials 398 (Figure 3) removed by using one or more processes described inrelated

application entitled, “Method To Improve The Performance Of A Leached Cutter”,

which has been mentioned above and incorporated by reference herein. The lzached

POC cutier 300 has been previously described with respeet to Figure 3 and 18 not
repeated again heremn for the sake of brevity.
[G(29] The eddy current testing device 410 is a device that measures eddy

currents, which includes at least one of an impedance amplitude and/or a phase angle

shift, of the cirendt 405 through which alternating cwrrent ("AC cwrrent™) traveis, The
eddy current testing device 410 includes af least & display 416 and a first terminal 418,
The display 416 is fabricated using polycarbonate, glass, plastic, or other known

suitable material and communicates one oF Mmore meéasurement values, such as the
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impedance amplitude and/or the phase angle shift, to a user {not shown) of the eddy

current testing dovice 410, The first terminal 418 is electrizally coupled to one end of

ot

the first wire 430 and supplics slternating current (TAC current”™) therethrough, In

certain exemplary embodiments, the eddy current testing device 410 includes a power
supply ternuinal 419, which is clectrically coupled 1o & power supply source {not
N W

shown). For example, a second wire (not shown) with a plug (not shown} elecinieally

couples the power supply terminal 419 to 8 wall outlet {not shown), which is a soures

for allernating current.  Altornatively, the eddy current testing device 410 s powered
by one or more batteries (not shown) or other known power supply sonw The eddy

current testing deviee 410 displays these measurements in graphical form according to
some exemplary embodiments, which can be then analyzed to determine the
guantitative andfor the qualitative measurements for eddy currents. Alternatively, one
ot more of the impedance amplitude and/or the phase angle shift measurements are
displayed digitally, or guantitatively, on the display 416.
{00301 The first wire 430 is fabricated using a copper wire or some other
suitable conducting material or alloy known to people having ordinary slall in the art,
According 1o some exemplary embodiments, the first wire 430 also includes & non-
conducting sheath (not shown) that surrounds the copper wire and extends from about
one end of the copper wirg o an opposing end of the cooper wire, The two ends of
the copper wire are exposed and are not swrounded by the non-conducting sheath. in
some exemplary embodiments, an insulating materdal {not shown} alse survounds the
copper wire and iz disposed between the copper wire and the non-conducting sheath.
The insulating material extends from about one end of the non-conducting sheath to
about ap opposing end of the non-conducting sheath. As previously mentioned, one
end of the first wire 430 is electrically coupled to the first terminal 418, In certain
exemplary embodiments, an adapter {not shown}, or other suttable device, is coupled
to the one end of the first wire 430 which also is insertable o the first terminal 418
The opposing end of the first wire 430 is electrically coupled 1o the probe 440,
{0051 The probe 440 includes & coil conductor (not shown) theretn, which 18
clectrically coupled to ihe first wire 430, According o some exemplary

smbodiments, the probe 440 is cylindrically shaped and inclades a substamiaﬁiy

3

planar first end 442 which is opposite the end at which the frst wire

5
o
g
Tu
C::

5 coupled to



WO 2013/126444 PCT/US2013/026931
10

the probe 440, However, in other exemplary embodiments, the probe 440 is shaped
differently. The first end 442 is positioned in contact with the cutting surface 312 of
the leached PDC cutter 300, Thus, the coil conductor transports the aliernating
current towards the Isached PR cutter 300,

{3321 Hence, the circuit 485 is completed using the eddy curvent testin

327

device 410, the first wire 430, the probe 444}, and the leached PR cutter 300, Onc

%

the eddy cwrrent testing deviee 410 s wurned on, the slternating current Hows from the
eddy current testing device 410 to the cotl conductor of the probe 440 throngh the first

wire 430, The probe 440 creates a magnetic field.  The probe 440 is in close

£

proximity to a second conductor, or the unleached layer 356 (Figure 3) of the leache
PR cutter 300, and i3 separated by a distance defined by the leached layer 354
{Figure 3) of the leached PDNC cutter 300, which alse is referred to as the leached
demh 353 {Figure 33 This close proximity induces eddy currents in the unleached
laver 356 (Figure 3}, or second vondoctor, which is proportional to the frequency of

the alternating cwrent eld. The distance that the cotl conductor, or probe 440, s

i

rom the second conductor 336 (Figure 33, which has been menttoned above, g called

=

3 P

Hfteff, This distance affects the mutual inductance of the cireuit 405 and is related 1o
the impedance amplitnde and/or a phase angle shift of the cirenit 403, which is
discussed in further detsil below.  Thus, the leached depth 353 (Figure 3) i

determinable, oither quantitatively andfor qualitatively, from the measured impedance

amplitude andfor phase angle shift of the circnit 4035, Purther, the quality of leaching,

t.e. the removal of catalvst matenial from within the leached layer 354 {(Figure 3),
andior the microstructure characteristics, e.g. the porosily, is determinable, at least
gqualisatively, from the measured impedance ’=1ﬂ.§7§im§e and/or phase angle shift of the

PIC cutter 300 exhibits

2
5
Pl
3
;‘.a
C‘u

circuit 403, Specifically, when repeated tests on
ults for the measwred impedance amplitude and/or phase angle shift
of the circuit 405, the leached FINC cutter 300 has a better gquality of leaching andier a
betler microstrucinre characteristic,

{0033} Figure 3A is & graphical chart 300 showing a plurality of shallow
leached amplitude curves 310 and 8 plurality of shallow leached phase angle shaft
curves 515 for eachrof a plugality of shallow leached PBC cutters 505 using the eddy

current testing system 400 (Figure 4) in accordance with an exemplary embodiment.
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o

The shallow leached PDC cutter 503 is similar to the leached PDOC cutter 300 (Figure

3), but the leached depth 333 (Figure 3} is a shallow leached depth. A shallow
feached depth typically ranges from about forty o seventy microns, but can be greater
or lesser than this range in other exem me embodiments. Referring to Figure 34, the

longitudinal fength of each of the shallow leached amplitude corves S10 provides a
measurement of the impedance amplitude 302 for the respective shallow leached PDC
culter 505, Simuladdy, the stope of each of the shallow lesched phase angle shift
curves 515 provides a measurement of the phase angle shift 304 for the respective
shallow leached PDC cutter 303, Typteally, the phase angle shift 334 13 defernuined
when analyzing the end of the shallow leached phase angle shift curve 513, The
graphical chart 300 shows three shallow leached smplitnde curves 3180 and tduee
shallow leached phase angle shift curves 515 for each of the ten shallow leached PDC
cutters SO3 that were tested using the eddy current testing system 400 (Figwe 4). The
inpedance amplitude 502 {s determined from each of the shallow leached amplitude
curve 510, while the phase angle shill 504 is determined from each of shallow
feached phase angle shift curve 315,

{00341 Figure 538 is a graphical chart 550 showing a plurality of deep leached
amplitede cuvees 560 and a plurality of deep leached phase angle shift curves 585 for
each of & plurality of deep leached PDC cutters 355 using the eddy current festing
system 400 {(Figure 4} r accordance with an oxemplary embodiment. The deep
leached PDC culier 553 s similar fo the leached PINC cutter 300 (Figure 33, but the
leached depth 333 (Figure 3) is a deep leached depth. A deep leached depth fypically
ranges from about 240 to 300 microns, but can be greater or lesser than this range in
other exemplary embodiments, Referring to Figure 5B, the longitudinagl length of
gach of the deep leached amphitude curves 360 provides s messarement of the
impedance amplitude 502 for the reapective deep leached PDC cutter 553, Similarly,

the slope of each of the desp leached phase angle shift curves 365 provides a

measurement of e phase angle shifl 504 {for the respective deep leached PDOC cutter

555, Typically, the phage angle shift 304 i3 determined when analyzing the end of'the

o

deep leached phase angle shift curve 365, The graphical chart 530 shows three deep
leached amplitude curves 560 and three deep leached phase angle shift curves 565 for

each of the ten deep leached PDO cutters 353 that were tested using the eddy current
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G0 (Figwre 43 The impedance amphitude 502 15 determined from each

T

of the deep leached amplitude curve 360, while the phase sngle shift 504 is

determined from each of the deep leached phase angle shift curve 565, Although

Figures 5A and 5B show the test results for shallow leached PDU cutters 503 and
deep leached PINC cutters 553, respectively, these test results are not comparable with
one another since the scales used 1o depicting the amplitnde curves 510, 360 and the

5, 565

phase angle shitt curves 3

ey
e
g J"

e different for cach of the figures. Heuce, Vigure

3C shows a graphical chart 390 depicting both the amplitude curves 510, 560 and the
vhase angle shift curves 515, 363 of Figures 5A and 3B for cach of the shallow
leached PDC cutters 505 and deep leached PDC cutters 553 using the same seale in

accordance with an exemplary embodiment, According to Figure 3C, the tmpedance

amplitude 502 for the shallow leached amphitude cwrves 310 is smaller than the
impedance amplitude 502 for the deep leached amplitude curves 560, Conversely, sthe

phase angle shift 504 for the shallow leached phase angle slft curves 515 is larger

than the phase angle shift 504 for the deep leached phase angle shift curves 383,
100357 Figure 6 is a fHowchagt depl fing & non-destructive leaching depth
estimation method 60§ in accordance with an exemplary embodiment of the present

invention.  Although Figure 6 shows a series of steps depicted in a certain order, the
order of one or more steps can be rearranged, combined into fewer steps, andfor
sepavated into more steps than that shown in other exemplary embodiments.
Referring to Figore 6, the non-destructive leaching depth estimation method 680
begins at step 610, Upon starting at step 010, the non-destructive leaching depth
estimation method 600 proceeds o step 620, At step 620, a calibration curve is

obtained. The calibration curve can be generated from tests or acquired from

elsewhere.
10036} Figure 7A is a graphical chart 700 depicting the calibration cuwrve 705
that shows a relationship between eddy current 710 and actual leaching depth 720 for

-,

a plurality of leached components 300 (Figwre 3) in accordance with an exemplary

o]

ewmbodiment of the present Invenmtion. The eddy cumrent 710 is the impedance

i

amplitide 502 (Figures SA-SC) in the exemplary embodiment shown in Figure TA,

o

hrwever, the phase angle shift 304 (Figures SA-3C) can be wsed for the eddy current

-
;‘

10 -in licu of the impedance amplitude 307 (Figures SA-5C)Y in other exemplary
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embodiments. Referring o Figure 7A, one or more of the leached components 300

{Figure 3) have a different actual leaching depth 720 than at least one other leached
component 300 (Figure 3).  In the exemplary cmbodiment shown, the leached

~

components 300 (Figwee 3} include shallow leached POC cutters 505 and deep
feached PO cutters 355 of Figures $A-3C. The leached component 300 (Figure 3} is
the leached PDC cutter 300 (Figure 3) sccording to some exemplary embodinents;
however, the leached component 300 can be only the PCD cutting table 310 (Fgure
3) or some other component that has a polyerystaliine structure that has had at least
some of the cataiyst material removed from therein,  Alternatively, in certain
exemplary smbodiments, the leached component 300 can be the chewmically cleaned
feached PRC cuiter mentioned above. Therefore, in these alternative exemplary
embodiments, the leached layer 354 is treated, such ag by chemical treatment, to have
at least a portion of the by-product materials 398 (Figure 3) removed. This treatment
is dependent upon the methods and/or chemicals nsed to leach the PUD cutting table
310 (Figure 3). This weated leached PDC entter is used within the eddy current
testing system 400 (Flgure 4) or within some other eddy current testing system m ligu
of the leached PDC cutter 360 (Figure 3) in accordance with some oxemplary
embodiments. In the methods using the treated leached PDC cutter, which has had at
least a portion of the by-product matesials 398 (Figure 3) vomoved, the demagnetizing
step 13 optional.

{00371 The calibration curve 705 is gencrated by oblaining two or more
feached components 300 (Pigure 3. The calibration curve 705 bocomes more precise
as more leached components 300 {]Fig ure 33 are used in generating the calibration
curve 705, The eddy current data points 730 are obtained by measuring the eddy
curvert 710, either the impedance amplitude 502 (Figures SA-5C) and/or the phase
angle shift 504 (Figures 3A-5C), of each leached component 300 (Figure 3} In
certain exemplary embodiments, a plurality of eddy current data points 730 are

-

obtained for sach leached component 300 (Figure 33, which has been illustrated

3 -

Figures SA-5C. For example, the eddy carrent 7180 is measured three times for each

43

leached component 300 {

Ylﬂi

flgure 3} Obtaining a plurslity of eddy current data points

736 for each leached component 300 (Figure 3) improves the statistical significance

of the eddy current data points 730 being collected.  According to some exemplary
v N Lo }



WO 2013/126444 PCT/US2013/026931
14

b1

embodiments, the leached component 300 (Figure 3} is demagnetized aficr each

e

-

neasurement for eddy current 710, before cach meastrement for eddy currert 710, ¢

]

4

before and after cach measwement for eddy curvent 718

Ci:\

The leached component 30
is demagnetized in one or a combination of different manners, such as heating the
cutters above the curie temperature of the catalyst, or cobalt, which i3 about 1115 °C,
running the culters through an altemnating curremt field, grounding the leached
component 300 (Figure 3}, wrspping the leached camponen’i 300 (Figure 3} in
aluminum foll or similar type material, dropping the leached component 300 (Figure
3y in a salt solution, or waiting a period of {ime to discharge the leached compongnt
300 (Figure 3). The leached component 300 (Figure 3) is demagnetized by wailing
about twenty-four hours, but the waiting time is greater or less in other exemplary
embodiments.  Methods for demagnetizing an object is known to people having
ordinary skill i the art.
S0038] Once the eddy cuwrrent 710 is measured for each leached component
300 {Figure 3), the actoal leaching depth 720 for cach leached component 300 {Figure

\ \ Lo £ ¥ X )

3) is determined. In some examples, the actoal lesching depth 720 for 2 leached
component 300 {Figure 3) is determined by cutting the leached compenemt 300

N

{Figure 3}, polishing the cut e

Frds

edge of the leached component 30¢ (Fgure 3}, and

v

visually measuring the acnwal leaching depth 720 wnder & magnifving device {nol
shown), such as g microscope.  Although one method for determining the actual

2

feaching depth 720 is desoribed, other methods known to people having ovdinary skill

nes

~

sed to determine the actual leaching depth 720 withowt departing

]
i
oy
(2
]
poc
e
2
bt
o
7
o
Erd)
&

from the scope and spirit of the exemplary embodiment. Each eddy curvent data point

730 18 plotted on the graphical chart 700, where the actual leaching depth 720 is
plotted versus the eddy current 710 that is measured. In Figure 7A, the eddy ourrent
710 that is measured is the impedence amplitude 502 Figuwres SA-5C). Once the
eddy current data points 730 ave plotted on the graphical chart 700, the calibration
curve 705 is detennined pursuant to methods known to people having ordinary skill in
the art. For example, the calibration curve 703 is generated by using the average eddy
current 711 of cach leached component 300 (Figure 3), the median eddy current of
each teached component, or by caleulating the best fit curve. The best fit curve can be

formed with a ninety-five percent confidence level, but this confidence level can
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range from about sixty percent to almost aboul one hundred percent, for example,
G6.99 percent.

{0039] In Figure 7A, an upper 93% confidence line 742 and a fower 95%
confidence Hne 744 are tllustrated above and below the calibration curve 705, These

~t
;’

upper 83% confidence line 742 and lower 95% confidence line 744 provide a range

for estinmating the actual leaching depth 720 from the measured eddy current 710 at a

95% confidence level, which i discussed m further detall with respect 1o .‘i*”igurz‘: 78
below. The calibration curve 705 comrelates the mcasured eddy current 710 with the

sctual leaching depth 720, which can be measured in microns. Although a few
methods for generating the calibration curve 7035 have been described, other methods,

cither destructive or non-desiruetive, can be used o generate the calibration curve

705,
{00401 Actording to Figure 7A, the actual leaching depth 720 is divectly

related to the impedance amplitude 502, wihich iz labeled as eddy current 710 in
Figure 7A. Thus, as the actual leaching depth 720 increases, the eddy current 718, or
impedance amplitude 302, that {s measured also increases. Conversely, as the actual
feaching depth 720 decreases, the eddy current 710, or impedance smplitude 502, that
is measured also decreases. Although a direct relationship exists between the actual
feaching depth 720 and the impedance amplitude 502, conversely, an indirect
refationship exists between the actual leaching depth 720 and the phase angle shift.

{00411 Referving back to Figuwre 6, the pon-destructive leaching depth
estimation method 600 proceeds to step 630, At step 630, a suunilar type component,

similar to leached cutter 300, iz obtained. However, if the calibration curve was

determined using treated leached PDC cufters, the similar type compensnt 15 &
difforent treated leached PDOC colter where the actunl leaching depth is desired to be
ascertained. This similar tvpe compenent includes a polvervstalline structure that has
a plurality of catalvst material thevein, At least a portion of this catalyst material has
been removed,  This removed portion has an unkaown depth, which is the leaching
depth. The non-destructive leaching depth estimation method 600 proceeds to step
640, At step 648, the eddy current of the similar type compounem s measured.
According to some exemplary embodiments, this eddy current 1s measured using the

eddy corrent iesting svstem 400 (Figure 4), wherein the impedance amplitude andfor
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s

the phase angle shift is obtained. The non-destructive leaching depth cstimation
ethod 600 proceeds o step 650, At step 630, the estimated leaching depth of the
simifar type component i3 determined using the eddy current of the similar type

%

component and the calibration curve 785 (Figure 7A). The estimated leaching depth

is an estimation of the actual leaching depth and ranges from about one micron o
about fifty microns from the actual leaching depth.
{00421 Figure 7B 18 a partial view of the graphical chart 700 of Figure 7A in

accordance with an exemplary embodiment of the present nvention.  Referning to
Figure 7B, the edc‘ly curreni 710 measured with the similar type component i fifty-
five. The actual leaching depth 720 is obtaned by finding a point 760 along the
calibration curve 703 where the eddy current 710 is fitty-five. Thus, when the eddy
currest 710 i fifty-five, it is determined thas the actual leaching depth 720 for the
similar type component is seventy mivrons,  Using the upper and lower 95%
confidence lines 742 and 744, it is determined that the actual leaching depth 720
ranges from about {ifty microns o about ninety microns at a 8% confidence level,
{6043} Referving back to Figure 6, the non-destructive leaching depth
estimation method 600 procesds to step 660, where the non-destructive leaching depth
estimation method 600 ends. As previously mentioned, although the eddy current
neasurement used in the exemplary embodiment s the impedance ampitinde, the

phase angle shift can he used as the eddy cwrrent measurement in other sxemplary

REERSY Vigure: R is a flowchari depicting a8 microstructural quality

ot

determination method 800 m accordance with an exemplary embodiment of the

CEL,

present invention,  Although Figure & shows a series of steps depicted in a certain

3

order, the order of one or more steps can be reamranged, combined into fower steps,

and/or separated inte more steps than that shown in other exemplary ewbodiments

Referring to Figure 8, the microstructural guality determination method 80 begins at
step 810, Upon starting at step 810, the microstructural guality determination method
RO proceeds o step 820, At step 820, one or more leached components that inchude
a polverysialline structure is obtained from a same leached batch, The same leached
batch is a group of components that were leached in the same leaching process at the

same time. The polycrystalline structure includes g leached layer and a non-leached
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laver being positioned adjacently below the leached layer. The non-leached layer
includes a plurality of catalyvst material thereln, while the leached layer has had at
least a portion of the catalyst material removed.  The microsiructural quality
determination method 803 proceeds to step 830, Au step 830, a plomlity of eddy
current values are measured for each of the leached components, The eddy current

the eddy current testing system 400 (Figure 4. The eddy

2
g
g
o
i
&
)
S
=%
“
f)
o
5]
po
jovt
el
o
1
o
i
4
]
feZed
s

cirrent value measured is the impedance amplitude in some exeroplary embodiments;
however, in other exemplary embediments, the phase angle shift is the measweed eddy

currertt value. The microsiructural quality determination method 800 proceeds to step

[»9

840, At step 840, an amount of data scatiering is determined for cach leache
component. The amount of data scattering for a Isached component is determined by
a differential between the highest measured eddy cwrent valwe and the lowest
measured eddy current value for that leached component and by statistical results of
where each measwred eddy owrent wvalue Hes,  The microstructural guality
determination method 800 proceeds to step 850, At step 850, a guality of the leached

T

component ¥ determined based upon the amount of data scattering. The guahty of

the leached component relates to the nucrostructural quality and/or the leaching
qualtity, The microstructural quality relates o the porosity of the microstructure. The
microstructural guality is a good quality when there is Tow porosity. Conversely, the
microstructural quality is a poor guality when there is high porosity. The leaching

guality is a good guality when there is less catalyst materials present within the

~

)

leached laver of the polverystalling structure. Conversely, the leaching guality 1s ¢
poor guality when there {8 more catalyst materials present within the leached layer of
the polyerystalling structore,  In some cxemplary embodiments, the quality of the
feached component is considersd to be good when the amount of data scattering is
determined t6 be small.  Conversely, the quality of the leached component is
considered 1o he poor when the amount of data scattering s determined to be large.
The relative torms of small and large are determuned when comparning the data
scattering of a first leached component to the data scattering of a second leached
component that was leached in the same bateh as the first leached component. The
microstructural guality determination method 800 proceeds to step 861, where the

microsiruetural guality determination method 800 ends.
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F0045] Referring back to Figure 7A. the data scattering 8 seen for both
shallow leached PDC cutters 505 and deep leached PDC cutters 333, Shallow leached

55, As

o
£

PDC cutters 505 have less data scatiering than deep leached PIXC cutier
shown, there are three out of ten shallow leached PDC cutters 505 that have eddy
current values that fall outside of the range defined by the upper 5% contidence line

Lo}

742 and the lower 95% confidence Une 744, while there are six out of ten deep

feached PDC cutters 555 that have eddy current values that fall outside of the range
defined by the upper 85% confidence line 742 and the lower 95% confidence hne

744, lHence, the shallow leached FDC cutters 505 have a better microstructural

guality and/or leaching quality than the deep leached PDU cutters 335,

[0{46] There are several benefits for non-destructively determining the
3

feaching depth in an ulira-hard pelyerystalling stucturs and/or characterizing at least

a portion of the ulira-hard polycrystalline structure.  For example, eddy ourrenmt

Presi

measwremsis can be made on all PDC cutters that ave 1o be mounted and used in a

tool, such as g drill bit, thereby ?‘um able to estimate the leaching de p“h in the uhra-
hard polverystalline siructure inclhuded in the PUOC cutter and/or characterizing at Ivast
a portien of the ultra-hard polverystalline structure, such as the quality of the leaching

=

and/or the quality of the micmsts‘ucmss_. Hence, only certain PDC cutters are chosen
to be mounted to the deill bit or other downhole tool.  In another example, when a
quantity of PDC cutters being leached within the swme leaching bateh are provided,
such a5 one thousand PDC cutters, the eddy current of the PDXC cutters are measured
pursuant 10 the descriptions provided above, The PR cutters that meet a desired
quality and/or leaching depth are kept while the remaining PDC cutters that do not
meet the desived leaching depth andfor guality are retwmed. Thus, i one sxemplary
smbodiment, although one thousand PDC cutters being leached from the same batch
are provided, two ndred PDC cuiters, or twenty percent, may be retained while the
remaining are returned.  Thus, only the higher guality and/or the proper leaching
depth PDC cutters are paid for and retained, which results in the PR cutters
performing better during their application.

0047 Although cach exemplary embodinent has been deseribed in detatd, 1
iz 10 be consirued that any features and mwodifications that are applicable o one

embodiment are also applicable to the other embodiments. Furthermore, although the
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invention has been described with reference to specific embodiments, these
deseriptions are not meant 10 be construed in a Hmiting sense. Various modifications
of the disclosed embodiments, as well as altersative embodiments of the invention
will become apparent to persons of ordinary skill in the ant upon reference to the
deseription of the exemplary embodiments. It should be appreciated by those of
ordinary skill in the art that the conception and the specific embodiments disclosed
may be readily utilized as a basis for moduving or designing other structures or
methods for carrving ont the same purposes of the invention. It should also be
realived by those of ordinary skill in the art that such equivalent constructions do not
depart from the spirit and scope of the invention as set forth in the appended claims,
it is therefore, contamplated that the olaims will cover any such modifications or

embodiments that i within the scope of the invention.
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CLAIMS

What is claimed s
i. An eddy current {esting system, comprising:

an eddy current testing device comprising at least one terminal;

sy

a leached component  comprising a  polyorystallineg  structure,  the
polyerystalline stracture comprising a leached layer and an unleached layer posttioned
adiacent o the leached layer, the leached layer having at least a portion of a catalyst
material removed from theretn
a probe comprising a fivst end and a second end, the second end being placed
adiacent to the surface of the leached layer; and

a first wire slectrically coupling the terminal of the eddy current testing device
to the probe; and
wherein the eddy cwrent testing device measures an oddy current of the

leached component.

2. The eddy cwrrent testing system of Clatm {, wherein the eddy current

tog

of the leached component comprises an impedance amplitude

3, The eddy current festing systom of Claim 1, wheremn the oddy current
of the leached component comprises g phase angle shifi,
4. The eddy current testing system of Claim 1, wherein the leached layer

has at least a portion of & by-preduct material removed from therein, the by~product
niaterial being formed within the leached layer during a leaching process that removes

at least & portion of the catalyst material from leached layer.

5. The eddy current testing system of Claim I, wherein the leached

component comprises a polverystalline diamond cempact ("PDCT} cutter.
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6. The eddy current testing system of Claim 1. wherein the eddy current
testing device comprises a second terminal, the sccond terminal bemmg electrivally

o

coupled to & power supply source.
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7. A method of characterizing a guality of a polyerystaliine stracture

COmpsing:
ohiaining a leached component comprising a polvervstailine strueture, the
polyerystaliine structure comprising a leached Jayver and an unleached tayer positioned

adjacent to the leached layer, the leached laver having at least a portion of a catalyst

meastring at least one measured eddy current value of the leached component;

charmetes

izing a quality of the polverystalline structure using the at least one

measured eddy current valus.

‘.

& The method of Claim 7, further comprising obtaining a calibration

curve showing a relationship between a plurality of eddy curvent values and a
plurality of actual leaching depth within the polverystalline structure,

wherein characterizing a quality of the polycrystalline strachure comprises
using the one or more measwed eddy current values of the leached component o

ostimate the sctual leaching depth within the leached component.

9. The method of Claim 7, further comprising obtaining a calibration
curve showing a relationship between a pluralify of eddy cuwrrent values and a
phirality of actial leaching depth within the polverystalline structure,
wherein characterizing a quality of the polverystalline structure compris
determining an average of the at least one measured eddy current value
of the leached component; and
using the average and the calibration curve to estimate the actual

leaching depth within the leached component

1. The method of Claim 7, further comprising demagnetizing the leached

componeat,
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11, The method of Clam 10, whersln demagnetizing the leached
component is performed in gt least one of before measuring cach measured eddy

ciprent value and alter measuring each measuved eddy current value.

12, The method of Claimy 10, wherein demagnetizing the leached
coraponent comprises at least one of grounding the teached component, wrapping the
leached component in a demagnetizing material, heat treating the leached component,

3

placing the leached component in a salt solution, and waiting & period of time
13, The'method of Claim 7, further compriging cleaning the polyerystalline
structure from one or more by-product materials, wherein the by-product materials
were deposited within the polverystalline structure during a leaching process that
removes at least & portion of the catalyst material from therein and forms the leached

component

id. The method of Claim 7, further comprising:
measuring a plurality of measured eddy corrent values for gach ot a plurality

of the leached components, sach icached contponent being formed during a same

wherein characierizing a guality of the polyerystalline structure comprises
using the phuality of measured eddy current values for each leached component to
determine the quality of a microstructure of the polycrystalline structure for each

B

leached component.

15, The method of Claim 14, further comprising:

determining a data scaliering range for each of the plurality of the leached

X
N

components from the plurality of measured eddy cwrent values,

k3

wherein characterizing a quality of the polyerysialline structure comprises

nsing the data scattering range to determine the quality of 3 microstracture of the

o

polvervstalling structire for cach leached component, the microstructure of the

polverystalline structie being less porous when the data scattering range is less

comparison to the data scattering ranges of other leached components,
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16, The method of Claim 7. wherein the leached layer has at least & portion

a

of a by-product material removed from therein, the by-product material being formed
within the leached laver duting a leaching process that removes at least a portion of

the catalyst materiagd from leached laver.

i7. The method of Claim 7, whereln the measured eddy current value of
the leached component comprises an impedance amplitude.
i% The method of Claim 7, whereln the measured eddy current value of

“
[
w
o
m
&
=
“
=%
=3
b

e
A
’;3
o

omprises a phase angle shift

19, The method of Claim 7, Rether comprising mowtting at least g portion

X

of the leached components 10 a ool based upon the characterizing of the quality of the

polvervstalline stucture.

Ey o o
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20, A method of characterizing a quality of a polyorystalline structwee,
comprising

gbtaining a leached component comprising a poelyerystalline structure, the
polverystalline structure comprising a leached layer and an unleached layer positinned
adjacent {o the leached laver, the leached layer having at least a porlion of & catalyst
material removed from theren;

measuring at least one measured eddy current value of the leached component;

:’}3
el
o

characterizing a quality of the polycrystialline strocture using the at least one
measured eddy current value, the quality compeising at legst one of an estimated
ieaching depth of the leached componemt, a relative amount of catalyst remaining
within the leached laver, and a relative porosity of the polyerysialline structure of the

leached component,

21, The method of Claim 20, wherein the leached layer has at least a
portion of a by-product material removed from therein, the by-product material being

formed within the leached laver during a8 leaching process that removes at least a

22, The method of Claim 20, further comprising cleaning  the

1

polverystalline structure from ong or morg by-product materials, wherein the by~
product materials were deposited within the polyerysialline structure during a

leaching process that removes at least a portion of the catalyst material from therein

3

and forms the leached component,

23, The method of Claim 20, further comprising demagnetizing the

3

leached component in at least one of before measuring zach measured oddy current

[~

alue and after measuring cach measured oddy cunrrent value.

24, The method of Claim 20, wherein the measured eddy current value of

the leached component comprises an impedance amplitude.
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25. The method of Claim 20, wherein the measwred eddy current value of
the leached component comprises a phase angle shaft.

26 The method of Clalm 28, further comprising mourtiing at least a
portion of the leached componems to a tool based upon the characterizing of the

qualily of the polyerystalline structure.
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OHTAIN A CALIBRATION CUSVE, THE CALIBRATION CURVE
SHOWING A RELATIONSHIP BETWEEN EODY CURRENT AND
AGTUAL LEACHING DEPTH FOR A PLURALITY OF LEACHED
COMPONENTS, ONE OR MORE OF THE LEACHED COMPONENTS
HAVING A DIFFERENT ACTUAL LEACHING DEPTH

<
‘Al‘/

Ve
N

¥

‘ OBTAIN & SIMILAR TYPE COMPONENT THAT INCLUDES A
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